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Development of root nodules, specifically induction of cor-
tical cell division for nodule initiation, requires expression
of specific genes in the host and microsymbiont. A full-
length cDNA clone and the corresponding genomic clone
encoding a MAP (mitogen-activated protein) kinase ho-
molog were isolated from alfalfa (Medicago sativa). The
genomic clone, TDY1, encodes a 68.9-kDa protein with
47.7% identity to MMK4, a previously characterized
M AP kinase homolog from alfalfa. TDY 1 is unique among
the known plant MAP kinases, primarily due to a 230
amino acid C-terminal domain. The putative activation
motif, Thr-Asp-Tyr (TDY), also differs from the previ-
oudly reported Thr-Glu-Tyr (TEY) motif in plant MAP
kinases. TDY1 messages wer e found predominantly in root
nodules, roots, and root tips. Transgenic alfalfa and Medi-
cago truncatula containing a chimeric gene consisting of
1.8 kbp of 5' flanking sequence of the TDY1 gene fused to
the B-glucuronidase (GUS) coding sequence exhibited
GUS expression primarily in the nodule parenchyma,
meristem, and vascular bundles, root tips, and root vas-
cular bundles. Stem internodes stained intensely in corti-
cal parenchyma, cambial cells, and primary xylem. GUS
activity was observed in leaf mesophyll surrounding areas
of mechanical wounding and pathogen invasion. The pro-
moter was also active in root tips and apical meristems of
transgenic tobacco. Expression patterns suggest a possible
role for TDY1 in initiation and development of nodules
and roots, and in localized responses to wounding.

Additional keywords: lucerne, Nicotiana tabacum, phospho-
rylation, Snorhizobium meliloti.

Mitogen-activated protein (MAP) kinases, also called extra-
cellular signal-regulated kinases (ERKSs), are a family of eu-
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karyotic, serine-threonine, protein kinases demonstrated to
participate in the cascade of protein phosphorylations by
which numerous and diverse signals are transduced within the
cell (Ferrell 1996; Machida et al. 1997). Currently, five sub-
families of MAP kinaselike proteins are categorized by amino
acid sequence similarity and by the nature of the regulatory
motif, which is the site of activating phosphorylation (Ferrell
1996). Some members of the MAP kinase family have been
shown to be activated by a MAP kinase cascade in which
MAP kinase becomes phosphorylated by action of an up-
stream kinase (MAP kinase kinase) that is phosphorylated in
turn by its own upstream kinase (MAP kinase kinase kinase).
Activation of MAP kinase occurs by dual phosphorylation of
specific threonine and tyrosine residues in region VIII in the
kinase domain (Ferrell 1996).

cDNA clones encoding MAP kinase homologs have been
isolated from several plant species including alfalfa (Duerr et
al. 1993; Jonak et al. 1993; Bogre et al. 1999), Arabidopsis
(Mizoguchi et al. 1993), and tobacco (Seo et al. 1995). In each
of these species, multiple MAP kinase homologs were demon-
strated to occur. All reported MAP kinase homologs in plants
have a high degree of structural conservation and share 40 to
55% amino acid sequence identity with MAP kinases from
other eukaryotes. To date, all reported plant MAP kinase ho-
mologs are members of the TEY subfamily of MAP kinases,
named for the conserved Thr-Glu-Tyr (TEY) tripeptide acti-
vation site (Ferrell 1996). This similarity is probably a result
of the homology-based cloning strategies employed. It is
likely that a much wider range of homologs occurs in plants
than has been demonstrated, considering the evidence for
multiple signal transduction pathways in yeast and metazoans,
and the number of specialized interactions with which plants
are challenged.

In animal systems, MAP kinase cascades have been shown
to be activated by extracellular stimuli that influence cell divi-
sions and differentiation. Although no complete MAP kinase-
like cascade has been characterized in plants, evidence sug-
gests that MAP kinases have a similar role in plants as well.
Transcripts of the alfalfa MAP kinase MMK1 are found at
elevated levels in cultured alfalfa cells in the G2 phase of the
cell cycle (Jonak et al. 1993). Another distinct alfalfa MAP
kinase, MMK3, is highly expressed and active in young al-
falfa leaves and flowers (Bogre et al. 1999). MMK3 activity is



specific to metaphase cells and the protein is localized to cell degree of nucleotide sequence identity. A radioactive probe
midplanes and cell plates in late anaphase and telophase root generated from an intern&htl fragment of one cDNA clone
tip cells (Bogre et al. 1999). Several studies have shown a cor{mk8) was used to screen an alfalfa genomic DNA library
relation between the accumulation of mMRNA or the activation (Gregerson et al. 1994). A single recombinant phagtone
of MAP kinase activity and diverse types of plant stress re- was recovered and subcloned as two overlapping fragments;
sponses, including response to mechanical wounding (Seo ean Sstl restriction fragment (pS1) approximately 5 kbp in
al. 1995; Bogre et al. 1997), drought and cold (Jonak et al.length that hybridized with a probe generated from then8l
1996), and fungal elicitors (Suzuki and Shinshi 1995; Ligter- of the mk8 cDNA, and artcoRI fragment (pG81) of ap-
ink et al. 1997). Other studies suggest roles for MAP kinasesproximately 5.3 kbp that hybridized with probes from the
in mediating the effects of plant growth regulators such as ab-middle and 3end of the cDNA (Fig. 1). The clone pS1 was
scisic acid (Knetsch et al. 1996) and auxin (Mizoguchi et al. further subcloned as a 2-kbplindlll-EcoRI fragment
1994). Constitutive expression of MAP kinase homologs has (pSIRID3). The 7.3 kbp spanned by clones pG81 and
also been detected in roots, leaves, stems, and flowers. ThuqpSIRID3 were sequenced with internal primers (GenBank ac-
expression of MAP kinase homologs in plants appears to oc-cession no. AF129087).
cur in dividing cells but does not appear to be limited to cells  Figure 1 shows the intron-exon structure of Tyl gene
undergoing mitosis. as determined by comparing the genomic sequence with the
In efforts to enhance our understanding of the genes andcDNA clones. In the longest cDNA, the putative translation
cellular processes involved in root nodule formation, we have initiation codon is preceded by 385 bp with stop codons in all
cloned an alfalfa (lucern®jedicago sativa) gene that encodes frames. Between the predicted translational stop codon and
a distant relative of other reported plant MAP kinases. The the beginning of the cDNA poly(A) tract are 183 bp of non-
objective of this work was to characterize the gene encodingtranslated sequence, including a motif (AATAAAAAA)
this MAP kinase homolog, namé&dY1, for the putative Thr- matching the eukaryotic mRNA polyadenylation signal
Asp-Tyr (TDY) activation motif, and to describe its expres- (Proudfoot 1991). Exons 1 through 6 and ther& of exon 7
sion pattern by examining mRNA distribution and promoter- have significant sequence similarity with other reported MAP
B-glucuronidase (GUS) activity in transgenic alfalfa. Promoter kinase genes, while the remainder of exon 7 and exons 8

expression patterns were also examined in transdéeil- through 10 have similarity only to the partial sequence of a
cago truncatula, a diploid annual relative of alfalfa, and in putative MAP kinaselike protein fronselaginella lepido-
tobacco Klicotiana tabacum). phylla (resurrection plant), a seedless vascular plant
(GenBank accession no. U96717). The 10 exons are inter-
RESULTS rupted by introns ranging in length from 111 to 899 bp. All
nine introns begin and end with GT...AG dinucleotide bounda-
Cloning and molecular characterization of the TDY1 gene. ries; furthermore, introns 1 to 4 and 7 end with a conserved

An 885-bp DNA fragment encoding a polypeptide similar to TGCAG motif, and introns 5 and 6 end with the variants
eukaryotic protein kinases was generated and cloned from aTGTAG and CGCAG, respectively. Of interest, though not
reverse-transcription polymerase chain reaction (RT-PCR) of necessarily of consequence to regulation or function, is,a (T)
alfalfa leaf poly(Ay RNA. This fragment was used to screen tract within the seventh intron of ti®Y1 gene.
an alfalfa root nodule cDNA library (Gregerson et al. 1993) To estimate th@DY1 gene copy number in alfalfa, restric-
for corresponding cDNAs. Three cDNA clones, mkl, mk6, tion enzyme-digested genomic DNA from a single alfalfa
and mk8, were recovered, ranging in length from 2.2 to 2.4 plant was blotted and probed with an internal 1.6-&5ib
kbp. Sequence analysis revealed the three clones share a highagment from cDNA mk8. Figure 2 shows multiple bands in
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Fig. 1. Diagrammatic representation of the alfalfaTDY1 gene. Exons are indicated by boxes; introns and 5 and 3' nontransated regions are represented
by lines. Exons with significant homology to other reported mitogen-activated protein (MAP) kinases are filled in black; open exons have significant
similarity only to the predicted Selaginella lepidophylla MAP kinase homolog. Below the diagram of TDY1 isapartial restriction map for cDONA mk8.
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each lane following prolonged high-stringency washes, sug-
gesting that TDY1 is present as multiple aleles or as a small
gene family in afafa. Because alfalfais an autotetraploid, and
because restriction patterns differed dightly between the
cloned cDNAs, it is likely that the darker bands represent al-
leles defined by different restriction sites inside or outside the
gene. The multiple faint bands also visible may be related
kinase genes.

Thepredicted TDY 1 protein.

The TDY1 gene encodes a polypeptide 608 amino acids in
length with a molecular mass of 68.9 kDa, making the TDY 1
protein significantly larger than other MAP kinases charac-
terized in plants. Figure 3 shows the similarity between the
predicted TDY1 protein and MAP kinases from the slime
mold Dictyostelium discoideum (Gaskins et a. 1994), the
yeast Saccharomyces cerevisiae FUS3 (Elion et a. 1990), and
the stress-activated afafa MMK4 (Jonak et al. 1996). FASTA
analysis, to calculate the highest similarity scores of overlap-
ping sequences, found TDY1 to be 48.1, 47.7, and 43.6%
identical to D. discoideum ERK 1, alfafaMMKA4, and S. cere-
visiae FUSS, respectively. The TDY 1 protein includes the 11
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Fig. 2. Genomic DNA blot analysis of the TDY1 gene. Genomic DNA

from a single alfalfa plant (20 pg per lane) was digested, blotted, and

probed with a 1.6-kbfstl fragment from cDNA mk8.
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subdomains conserved among eukaryotic serine-threonine
protein kinases (Hanks and Hunter 1995). TDY 1 differs from
other plant MAP kinases in that the regulatory Thr-x-Tyr
tripeptide adjacent to the kinase domain (subdomain VIII) oc-
curs as Thr-Asp-Tyr, in contrast to the common Thr-Glu-Tyr
tripeptide. A data base search with the C-terminal 246 amino
acids resulted in only one significant match to the partia se-
quence of a predicted MAP kinase-homolog from Selaginella
lepidophylla (GenBank accession no. U96717). Analysis of
potential tertiary structure with the NNPREDICT program
(Kneller et al. 1990) suggests that the final 42 residues of the
C-terminal end of the predicted TDY 1 protein could form an
a-helix. Analysis of this same region with the TMpred pro-
gram (Hofman and Stoffel 1993), which predicts potentia
transmembrane motifs, finds that a portion of the predicted a-
helix might be a membrane-spanning region.

Because the similarity of the predicted TDY1 protein to
other families of MAP kinases could potentially reveal some-
thing of its function, and to further characterize its relatedness
to other MAP kinases, we constructed a phylogenetic tree,
shown in Figure 4, of TDY 1 and reported MAP kinases from
plants, fungi, protists, and metazoans representing al known
MAP kinase subfamilies. Prior to a heuristic tree search with
the Phylogenetic Analysis Using Parsimony (PAUP) program
(D. L. Swofford, lllinois Natural History Survey, Champaign,
IL), the 36 submitted sequences were aigned with the CLUS-
TAL W 1.7 alignment program (Thompson et a. 1994) and
trimmed to remove unique features a the amino- and car-
boxyl-terminal ends as shown in Figure 3. Internal gaps were
not removed. With this alignment, al previously reported
MAP kinases from plants cluster in two distinct groups apart
from MAP kinases from fungi, animals, and protists. TDY 1
forms a separate clade from the other three groups and has no
closerelatives.

TDY1 RNA message.

Initial experimentsin which blots of poly(A)* RNA from al-
falfa leaves, cotyledons, stems, roots, and root nodules were
probed with the TDY1 cDNA clone suggested that the RNA
message was enhanced specifically in nodules (data not
shown). Because afalfaroot nodules possess an indeterminate
meristem, it was possible that the message was enhanced by
the larger fraction of dividing cells in this organ. To test the
possibility that TDY1 mRNA is associated primarily with di-
viding cells, blots were made with poly(A)* RNA from alfalfa
shoot apices, stem internodes, leaves, cotyledons, root nod-
ules, root tips, and roots from which the tips had been re-
moved. Root tips were judged to be the first 3 to 5 mm of
root. When blots were probed with the internal 1.6-kbp Sstl
fragment from cDNA mk8, a single band was observed in
each lane at approximately 2.4 kbp (Fig. 5), corresponding
with the size of the cDNAs and predicted coding region of the
gene. The same blot stripped and hybridized with a probe
from the 3' noncoding region yielded the same result, indi-
cating that the signal was likely not the result of cross-
hybridization with similar transcripts from different genes
(data not shown). The TDY1 message was highest in root nod-
ules, with high levels of message in roots without tips, root
tips, leaves, and shoot apices, in descending order. Message
was aso present in stems and cotyledons, but was less than a
third of that occurring in nodules, as determined by radioana-



Iytic detection. Equal loading of poly(A)* RNA in each lane
was verified by re-probing the stripped membrane with 32P-
labeled poly(U) oligomers.

The putative TDY1 promoter and expression of TDY1-
GUSfusionsin transgenic alfalfa, M. truncatula,
and tobacco.

In addition to the entire genomic region corresponding to
the cDNA clones, an additional 1.8 kbp 5' to the transcribed
region was cloned and sequenced. This DNA sequence, illus-
trated in Figure 6, was searched for known cis-acting elements
that may participate in the function of the TDY1 promoter. As
the transcriptional start has not been mapped, the positions
reported here are relative to the putative trandational start
codon. No genuine match to the TATAAA motif, common in
eukaryotic promoters (Maniatis et a. 1987) occurs upstream
from the longest cDNA, though a T(A)s sequence occurs just
13 bases prior to the beginning of the longest cDNA. A CAAT
sequence occurs at position —430 (45 bases before the cDNA),

CTTATAGCTGAT, beginning at positions —1853 and —1831,
respectively. These repeats are flanked by, and partially over-
lapping with, a pair of 15-base repeats, ATAGCTGATAAG
CTA, at positions —1869 and —1822. A STEMLOOP program
search, which locates inverted repeats, found an 18-base in-
verted repeat, ATAGCTTATAAGCTCGTT, at positions —1005
and —922. Within the putativé Bontranslated region of the
cDNA is a polypyrimidine stretch, C(CJT}(CT),, beginning

at position —230. The (CJ)portion of this polypyrimidine
stretch is also found in the' montranslated region of the
MMK?2 cDNA, a previously characterized alfalfa MAP kinase
homolog (Jonak et al. 1995).

To examine further the pattern ®DY1 expression in dif-
ferent organs, 1.8 kbp of thé flanking region, encompassing
the putative TDY1 promoter, was fused to the GUS reporter
gene. A transcriptional fusion construct (pB120) included 182
bases of the'Guntranslated region, with translation beginning
at the GUS start codon, while the translational fusion (pB125)
included the entire '5untranslated region and TDY1 amino

relative to the ATG of the open reading frame, and another atacids up to the seventh residue (Fig. 6). These constructs were

position —595. TATA- and CAAT-like motifs also occur within
the B nontranslated region of the longest cDNA, but before
the beginning of two shorter cDNAs, possibly indicating a

introduced to alfalfa viaAgrobacterium tumefaciens and 15
independent transgenic plants were regenerated with each
construct. Approximately two-thirds of the plants expressing

second transcriptional start site. Some unique elements aresither the transcriptional or translational fusions had similar

found within this 1.8-kbp 'Sflanking region. The AAAGAT

patterns of GUS expression although plants containing the

sequence, which is conserved among soybean leghemoglobitranscriptional fusion stained less intensely in every instance.
gene promoters (Stougaard et al. 1987), occurs at positionsStaining was monitored closely and stopped after 1 h or less to
—1468, —642, and —505. Tandem and inverted DNA repeatedimit diffusion of the blue product. GUS activity was observed

sequences have been demonstrated to contribute to the fundn root tips, nodules, leaf and stem vascular tissues, and glan-
tion of plant promoters, including nodule-enhanced genesdular trichomes. Root and nodule primordia stained intensely
(Jergensen et al. 1991). The REPEAT search function of theand were clearly distinguishable prior to emergence from the
Genetics Computer Group (GCG) software package located aoot cortex (Fig. 7A). In primary (Fig. 7B) and secondary

pair of tandem 19-base direct repeats, CTGAT(A/G)(G/A) roots, most staining occurred at the tips, although staining was
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Fig. 3. The predicted TDY1 protein and alignment with other mitogen-activated protein (MAP) kinase homologs. The TDY 1 protein includes the 11
conserved subdomains found in most eukaryotic protein-serine kinases (overlined, with Roman numerals). The divergent Asp within the putative regu-
latory tripeptide is indicated with a star. In the alignment of TDY 1 with Dictyostelium discoideum (D. disc.) ERK1, afalfa MMK4 (af. MMK4), and
Saccharomyces cerevisiae FUS3 (S. ¢. FUS3), gaps are indicated by hyphens, and invariant amino acids are represented by periods. Arrowheads at Val 13
and Glussg indicate the bounds of the region used for the phylogenetic analysisin Figure 4.

Vol. 12, No. 10, 1999 / 885



also observed in the vascular tissues of young roots and inter-
mittently in the cortex of older roots. In young nodules (Fig.
7C), staining occurred throughout the nodule with the mer-
istem staining most intensely. Within the mature nodule, the
darkest staining occurred at the meristem and nodule paren-
chyma (Fig. 7D) with less staining of the cells in the in-
fected symbiotic zone, and staining in senescent regions was
limited to vascular bundles. In sections of young stem inter-
nodes (Fig. 7E) staining occurred in the chlorenchyma, the
cambium, and the primary xylem. The procumbent mul-
ticellular glandular trichomes on stems and stipules stained
intensely while the single-celled, elongated trichomes on
stems and leaves did not stain. Constitutive expression in
leaves was limited to vascular tissues. However, 24 h after
mechanical wounding, staining was observed in mesophyll
surrounding the wounded cells. Similarly, mesophyll imme-
diately surrounding infection sites caused by the fungal
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pathogen Phoma medicaginis also stained positively for
GUS (Fig. 7G).

To investigate the expression pattern of the TDY1-GUS
gene in heterologous plant species, the pB125 construct was
introduced into M. truncatula and tobacco. GUS activity was
visualized by 5-bromo-4-chloro-3-indolyl-f-D-glucuronic acid
(X-gluc) staining of the original transformed plants (To) and in
plants grown from seed of T, plants. In transgenic M. trunca-
tula plants the staining pattern was identical to that seen in
afalfa Strong staining was seen in emerging roots and nod-
ules, and in root tips. In mature nodules, staining was most
prominent in the distal region of the symbiotic zone, invasion
zone, and meristem (Fig. 7F). In leaves, GUS activity was
found in vascular tissues. In tobacco plants, GUS staining was
much less intense than in alfalfa or M. truncatula. Staining
was observed in root meristems (Fig. 7H) and intermittently in
the cortex and vascular tissue. The apical meristems were also

tobacco SA-responsive MAPK

Scale

100 changes

Dictyostelium ERK1
I:rat JNK2
human JNK1B1

——— Xenopus MPK2

S. cer. HOG1
S. cer. Mpk1
S. cer. Smk1
: rat ERK3
human ERK4

. human ERK1
E human ERK2

N. haematococca MAPK
M. grisea Pmk1
P. carinii MAPK

S. pombe Spk1

alfalfa TDY 1.

S. cer. KSS1
S. cer. FUS3

Fig. 4. Phylogenetic analysis of 37 mitogen-activated protein (MAP) kinase amino acid sequences. Sequences were first aligned and trimmed to the po-
sitionsindicated in Figure 3. TDY 1 isindicated with afilled arrowhead; other MAP kinases occurring in alfalfa are indicated with open arrowheads.
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positive for GUS activity (Fig. 71). No constitutive or wound-

= induced GUS expression was observed in tobacco |leaves or
o =

=1 ] stems.
bir 2 2 o Qualitatively and quantitatively, the transcriptional GUS fu-
8 E =« = 3 3 = sion, pB120, was far less effective at directing GUS expres-
% B 2 8 2 o sion throughout afalfa plants. To quantify this difference, and
to compare the GUS activities between different organs, we
- - . - used the in vitro fluorometric assay with 4-methylumbelliferyl
A W 2.4 kb B-D-glucuronic acid (MUG) as the substrate to determine

GUS activity in different tissues of representative plants car-
counts 8 & 2 & & E % rying the two constructs. Table 1 summarizes these resullts.

~ o -] -~ - L =

Table 1. B-Glucuronidase (GUS) activity in organs of transgenic alfalfa

with the TDY1 5 flanking region-GUS transcriptional (pB120) and a

translational (pB125) fusions

4-methyl umbelliferone (pmol)/min/mg of protein
B Genotype Apex Internode  Leaf Root Nodule
pB120
c21 539 244 320 481 284
cl234 158 0 166 1051 241
€2326 575 784 502 737 309
c1822 328 694 80 629 619
c1828 230 335 286 1,329 471
Mean 366 411 271 845 385
pB125
cl24 3,844 3,958 2,074 6,630 2,521
: G e = 2 N o cl123 1,183 2,007 1,159 2,498 1,140
) 1] ~ g - [ o
counts = n = & =2 3 o c239 2,940 3,051 1,530 2,815 1,752
5 i g o o8 = ‘c.:f €2120 5,268 10,394 3,413 9,535 3,099
- : c519 1,370 2,033 1,710 3,342 1,310
Fig. 5. TDY1 expression patterns in different alfalfa organs. A, Poly(A)* Mean 2,921 4,288 1,977 4,964 1,964
RNA (2 pg per lane) probed with the 1.6-kBgil fragment of cDNA +controf 17,162 50,008 10,536 3,590 2,451
mk8. B, The same blot as iA, stripped and probed witffP-labeled _ controP 21 17 0 135 161
poly(U) oligomers. The number of counts registered during a radioana- — - —
lytic scan is reported below the corresponding lane. & Plant containing a cauliflower mosaic virus 35S-GUS gene.

b Regenerated plant containing no transgene.
AAGCTTCAAATTTTTGTTGTTICCTTTGCTCTTTATTTGCTCATTCAGAACCAATGATGATGTAACTTTATAATTATGGTCCTGTACACTTGAACARATA -2106
TTAGCTAGTCCAATT TACAATTTTTAATACCTTGTTATCATCARAACTCTTTAAGGTTCAT TCT TAAACACATTTTGTTCCAACARATATTACCARATTG -2006
TCCTTTATTTGTATGTGTATTARATTTGACTATTCATATTTCAAGACAAGT TAGTAGTATTAAT TAGGGGTATGTTTAGGAAAAAAGTAATAAATGCATC -1906

a b b a
TAGTAATTTGAGGCTCTGTTTGGTARAARATAGCGGATAGCTGATAAGCTAGCTGATAGC T TATAGCTGATGACTGATGACTTATAGCTGATAAGCTAAT -1806
TGAATTGTGTGGTAAAATTAGCGGTTCAACTAACTGATARATGTACAATGACATAAAAGGACAT TCTTAATTCATAATAAGTATTAATAATTTACTAATT -1706
TAAATTTATTAATTTAATATCCTCTCAAAAAAAATCTATTCAATTTAATATATTTACTATATATAATGAAATTAATT TATATTTGCTAAAATTTTATGCT -1606
CTATTTTTTACCCTATTTAACTGTTTATACTCACAAAAACTAAACATAATAATGGAATGTATTATTTAATTTTAAAAAAATGAAATGTATTATCATCTAT -1506

c .
ATGTATTTTTTTAACGATCTGTATGTATTTT TTTTTTAAAGATTAACAATC TATATGTATTATTATATACCARRATTATATAGGTATTTGTTTCCAARAR -1406
AACTACATATGTACTATCTATACTTCTTTAAAGAAGATGTCCTTGAATAATAAAAACT TTCTACGACTATACGCTTTTTTARAGGATTGTACATTATTTT -1306
TTTAGAGGTGGACGATTATACGTCTARAAAACGATGGAGTCCATTTTTTTTATAATGCATGTTTATCGAAAAAAAGGGATAATTAT TGAATTATTATATT -1206
ATTTTGAATCATTATGAGTGCATTCARAATGTCAAAAAAGTAAATGATTGCATTTATAACATACACAAT TTATTTTARATTACAATAGAGTATAAAGGGT -1106
ARATATGGATATTAATTAARATAACAAGGGTAATAATGGAAGAAAARACAAAAAGCTATAAGCTATAAGCTCARACGCTACTTGGAGTAGCTTCTGARRA -1006
d 4
ATAGCTTATAAGCTCGTTGAAATTCGTGARATAAGCTATAAGCTCATTGTAAAAAAAGTTACCAAACAGAGCTTTTTTTGTCARATGAGCTTATARGCTA -906
TAAGCTATAAGCTCTTTIGGTGGCCT TACCARACAGACCCTGAARAGGGGGTTACATT TAGGGACAAARATARAATCAAATGAGTGGTTACATTAAGGGA -806
CGGAGGGAGTATCATTTTTTATTTATTACATATACAATTTTTTGCATTGATCATTCTTGTTTTCATT TATTG TTGGCARACTTTACTCATTTTAAAATTG -706
<
GTCATTAAACACATAGAATATTTGATTTTAATCCTCCATACACATCATTAGTTTTTTTTGAGCAAAGATACACGTCATTAGTTATTACAAGCACCAACTT -606
AGATATGAATCAATTTTACCTARACTAARARAATGATCATCATCATGATAAGTATTACGATTCACCCAAGATTACGATTCTATTTTACTAGTAGTACTAA -506
] e .
AAAGATTAGTTTCTCCACGCGTAAATATCATACACTATTCCTTTATTAAAGTAGTTGTAACATGGARATTCTAAACAAATTGGCACCGTCAATGAAATCT -406
£ * e
TGACCATIAAAAAAAAGCAAATGGCTAAGATCAAAATCAAAATATGGTCAATTTTGACTAT TACTTT TAATCCATTTCCTATATATTCAAATTAACAAAG -306
£ *oox g
AAATTAATTTGTACATATATTCGTACTTGCTTTCTTCTCAATTGGAATATTCGTACTTTGCTTC TTC TCAATTGECCTCTTCTCTCTCTCTCTCTCTCTG -206
>
AATTCTTCAGATCTTCTGAACTCAACGCGTTTCTTCTTCTGCTACACC TCAACGTCTTCTTCTTCAACTCTTCACCATATCGGAACAACAATTTCCGAAT -106
TTTCACTTTTTTGCTTAATTTTCAACTGTCAGCGTAAAATTCGATCTAGGTTTTACAGTAACATTACTTGTTIGATCTTTTTCTCCTGAAGGARAGAAGA -6

>>
ACAAGATGCAGAAAGATCAACTCAAG
M Q@ K D Q9 L K

Fig. 6. Sequence of th&DY1 5' flanking region. cDNA beginnings are indicated with stars above the sequence. Underlined sequences: a and b, a pair of
nested, partially overlapping direct repeats; c, the three occurrences of the AAAGAT motif; d, a pair of inverted repefitdjle @otifs; f, TATA-

like motifs; g, a polypyrimidine stretch within thé Bontranslated region. Location of the transcriptional fusion t@tkeicuronidase (GUS) reporter

gene, pB120, is indicated with a single arrow; the translational fusion, pB125, including seven amino acids of TDY1gid withicatdouble arrow.
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The five plants selected from each of the two groups of trans-
formants (pB120 and pB125) were selected on the basis of
their reproducible staining patterns. As positive and negative
controls for GUS activity, an otherwise isogenic plant carrying
the GUS reporter gene driven by the cauliflower mosaic virus
35S (CaMV 35S) promoter and a plant regenerated from tis-
sue culture with no reporter gene were also assayed. Values
reported are the average of activitiesin duplicate samples. The
assay was repeated at a later time with a separate set of cut-
tings from the same plants with similar results. In al organs
examined, GUS activity was higher in plants transformed with
the trandational fusion (pB125) than in plants transformed
with the transcriptional fusion (pB120). In roots and nodules
there was roughly a fivefold difference in activity between
samples from pB120- and pB125-containing plants, while in
other organs the difference ranged from seven- to 10-fold. The
actual differences in nodules may be greater as the back-
ground activity detected in the nodules of the negative control
plant suggests that not al the 4-methyl umbelliferene pro-
duced isaresult of GUS activity.

DISCUSSION

With increasing frequency, MAP kinases are being found to
have significant roles in the transduction of signals in plants,
particularly those signals relating to wounding and stress (Hirt
1997). We have isolated and characterized an afafa gene,
TDY1, and its putative promoter region, that appears to encode
a novel MAP kinase homolog with enhanced expression in
root nodules and root tips. Although cDNAs for MAP kinase
genes have been isolated previously from afalfa and shown to
be expressed in roots and stems (Jonak et a. 1993) and upon

spanninga-helical structure, potentially anchoring the protein
to a membrane. This could suggest a specialized function for
TDY1 at the cell membrane or in association with an organ-
elle. Currently, most MAP kinases appear to be soluble pro-
teins, and it has been demonstrated that some forms migrate
from the cytoplasm to the nucleus (Chen et al. 1992) or to
the cell membrane (Gonzalez et al. 1992) concomitantly with
activation.

Adding to the novelty of the TDY1 protein is that the puta-
tive regulatory tripeptide motif, the site of activating phospho-
rylation immediately adjacent to the kinase catalytic domain,
occurs as Thr-Asp-Tyr (TDY), as opposed to the Thr-Glu-Tyr
(TEY) motif found in all other plant MAP kinases to date.
This difference is profound for two reasons. First, it is recog-
nized that multiple forms of MAP kinase can occur within the
same cell, and that these different forms transduce distinct
signals (Levin and Errede 1995). Seven distinct MAP kinase
transcripts have been described in Arabidopsis alone
(Mizoguchi et al. 1993, 1994). The maintenance of signal in-
tegrity and prevention of cross-talk between signal transduc-
tion pathways appear problematic when the kinases involved
are very closely related at the molecular level. The assistance
of accessory proteins has been demonstrated in yeast models
(Elion et al. 1990). It could be, however, that substrate recog-
nition between MAP kinase and its activating kinase is de-
pendent upon the identity of particular regulatory site resi-
dues, and that the substituted Asp is an important recognition
determinant. Second, many successful attempts to find plant
MAP kinase homologs have depended on the conservation of
the TEY regulatory motif (Wilson et al. 1993; Decroocg-
Ferrant et al. 1995; Jonak et al. 1995, 1996). As a conse-
quence, however, we may have at present only a narrow view

wounding of leaves (Bogre et al. 1997), this is the first inves- of the whole range of the MAP kinase family of proteins in
tigation into the occurrence of a MAP kinase in legume root plants. It will be informative to ascertain whether the com-
nodules. The gene encompassing the corresponding cDNAplete sequence of th& lepidophylla MAP kinase homolog,
sequences spans approximately 4.8 kbp, and appears to haveaving a carboxyl-terminal tail similar to TDY1, also has a
10 exons interrupted by introns ranging in length from 111 to comparable regulatory site.

899 bases. The locations of introns were not comparable to Phylogenetic analysis afDY1, illustrated in Figure 4, fur-

those reported foBchizosaccharomyces pombe (Toda et al.
1996) or Magnaporthe grisea (Xu and Hamer 1996) MAP

ther emphasizes its distinctness among plant MAP kinases.
All reported plant homologs, with the exception TDY1,

kinase genes, and many MAP kinase genes reported froncluster in two related groups. Within the larger group, MAP
fungi or protists appear to be without introns (Courchesne etkinases with similar functions, for example the wound-
al. 1989; Toda et al. 1991; Torres et al. 1991; Gaskins et al.inducible tobacco WIPK, tobacco salicylic acid-responsive
1994). High-stringency blot analysis of alfalfa genomic DNA MAP kinase, and alfalfa stress-responsive kinase, are closely
probed with an internal cDNA fragment (Fig. 2) revealed related (Seo et al. 1995; Bogre et al. 1997). TDY1, by con-
multiple signals in each lane, suggesting either a high degredrast, shares a higher amino acid identity with Ehediscoi-

of restriction site polymorphism in the genome in or near the deum ERK1 protein (Gaskins et al. 1994). Ferrell (1996) per-

TDY1 locus, or alternatively thaiDY1 is part of a family of

related genes.

The protein encoded by thEDY1 gene (Fig. 3) is 608

formed a phylogenetic analysis of 42 MAP kinases, including
several plant homologs. The results of the two analyses differ
in that the plant MAP kinases occur as outgroups in our analy-

amino acids in length with a predicted molecular mass of 68.9sis, distinct from the enzymes characterized in fungi, metazo-
kDa, significantly larger than other MAP kinase homologs ans, and protoctista. In Ferrell’s analysis, the TEY MAP
from plants (Bogre et al. 1997). In addition to the 11 subdo- kinase subfamily consisted of MAP kinases from the four
mains conserved among eukaryotic serine-threonine proteineukaryotic kingdoms. Other MAP kinase subfamilies de-
kinases (Hanks and Hunter 1995), the TDY1 protein has anfined by Ferrell are largely conserved in our analysis. Dif-
extended carboxyl-terminal domain of approximately 230 ferences between the two phylogenetic analyses are most
amino acids. This region shows significant similarity to a sin- likely due to differences in the computational algorithm
gle protein; a partial sequence of a putative MAP kinase ho-used, and to differences in sequence editing and alignments

molog from the seedless vascular pladaginella lepido-

prior to analysis. Our alignment included 13 more amino ac-

phylla (GenBank accession no. U96717). The carboxyl- ids at the amino-terminal end, a region in which plant MAP
terminal tail of TDY1 is predicted to end in a membrane- kinases share a high degree of amino acid identity. More plant
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sequences will need to be added to the analysis before it can
be concluded whether TDY1 and potential TDY 1-like pro-
teins emerged prior to the divergence of plants and protists,
and whether we could expect to find these proteins among
fungi and metazoans.

Expression of TDY1 occurred in al plant organs tested (Fig.
5), with high expression in sites with proliferating cells, in-
cluding root nodules, root tips, and shoot apices. Jonak et al.
(1993) showed that the alfalfa MMK1 transcript was ex-
pressed at a higher level during the S and G2 phases of the
cell cycle, and Devitt and Stafstrom (1995) reported the ac-
cumulation of MAP kinase transcripts in rapidly proliferating
cells of pea axillary buds, though not associated with any par-
ticular phase of the cell cycle. Based on our promoter-GUS
data, it is likely that the prominent TDY1 message in roots
without tips is associated with nascent root tips and nodules
that have not yet emerged from the root. Moreover, the detec-
tion of TDY1 message in leaves, and in both stems and cotyle-
dons to a lesser degree, indicates that the gene is not associ-
ated exclusively with mitosis.

The putative promoter region, illustrated in Figure 6, con-
tained conspicuous repeated elements, both tandem and in-
verted, that may play a role in promoter function and tran-
scriptional regulation. Inverted repeats, in conjunction with
conserved AAAGAT and CTCTT “nod box” motifs, have

some nodulin genes in legumes (Jgrgensen et al. 1991). The
occurrence of the AAAGAT motif in theDY1 promoter may
or may not be of consequence to its expression in alfalfa nod-
ules. The promoter region upstream of thenbst cDNA se-
quence includes TATA and CAAT boxlike motifs found in
many eukaryotic genes. However, these motifs also occur
within the 8 nontranslated region of the longest cDNA. This
leads us to speculate that fi@Y1 gene may have more than
one transcriptional start site although the small size differ-
ences precluded distinguishing the transcripts on RNA blots.
Multiple transcriptional start sites are not unprecedented
among MAP kinase genes. In fact, the closest phylogenetic
relative of TDY1, the gene encodinD. discoideum ERK1, is
transcribed differentially from two start sites, resulting in tran-
scripts that differ in size by nearly 1 kb (Gaskins et al. 1994).
The 5 nontranslated region of allDY1 cDNAs contains a
striking (CT) polypyrimidine stretch, which is also found in
the 8 nontranslated region of the alfaN#VK2 cDNA (Jonak
et al. 1995). The role of MMK2 in plants is not known, though
it has successfully been used to complement the yeast MPK1-
deficient lytic phenotype.

Fusion of the 1.8-kbp'Sflanking region of TDY1 to the
GUS reporter gene permitted further analysiS@¥1 expres-
sion patterns. The staining patterns of the majority of plants
transformed with th@DY1-GUS fusions are consistent with

been demonstrated to be essential for enhanced expression dfie RNA blot analysis and show tHEDY1 is expressed dif-

A B

C

Fig. 7. Histochemical localization of B-glucuronidase (GUS) activity. A, Alfalfaroot with incipient lateral roots (left and center) and nodule (right). B,
Alfafaroot tip. C, Emerging afalfa root nodule. D, Mature alfalfa nodule. E, Cross section of young alfalfa stem. F, Mature Medicago truncatula nod-
ule. G, Alfalfaleaf 4 days after inocul ation with Phoma medicaginis. H, Tobacco root tip. |, Tobacco apical meristem.
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ferentially in dfalfa (Fig. 7). A striking pattern of expression
occurs in root and nodule tips, which can be distinguished at
very early stages of development by the intense staining of
meristematic cells (Fig. 7A). In situ hybridization data con-
firm that TDY1 transcripts are detectable in the meristems of
young nodules not yet emerged from the root (G. B. Trepp and
C. P. Vance, unpublished). GUS expression was also promi-
nent in meristems of mature nodules. Recognizing that 3' se-
guences and intron sequences may impact gene expression, as
well as potential artifacts of the GUS reporter gene system,
the data from RNA blotting, X-gluc staining, and in situ hy-
bridization support a role of TDY 1 in the development of the
symbiotic association between alfalfa and the microsymbiont
Snorhizobium meliloti, a role in nodule initiation and nodule
maintenance. TDY 1 may also play a role in the interactions
with other microbes and in other developmental processes.
Strong staining was observed in specific stem tissues (Fig. 7E)
and high GUS enzyme activity was measured in stem inter-
nodes (Table 1) athough limited TDY1 message was detected
in afafa stems. This difference may reflect adifference in the
stahility of the GUS mRNA compared with TDY1 mRNA in
vascular tissues or may be due to accumulation in the vascular
tissue of GUS protein synthesized in meristematic tissues.
Measurements of GUS activity (Table 1) also support pro-
moter activity in meristematic and non-meristematic tissues.
However, values obtained from different organs cannot be di-
rectly compared because they are based on the amount of
protein in the samples, which differs dramatically between
organs. The difference between the expression of the tran-
scriptional and translational promoter-GUS fusions may be the
result of the disruption of atranscriptional regulatory element;
conversely, the differences might stem from an alteration in
the context of the trandlational start codon. Identical patterns
of GUS expression were observed in transgenic M. truncatula
and alfalfa containing the promoter-GUS fusions. This is not
unexpected, as the two species are closely related. Interest-
ingly, root and shoot meristematic cells in transgenic tobacco
plants also had GUS activity, suggesting conservation of tran-
scription factors involved in cell division between Medicago
and Nicotiana spp.

The TDY1 promoter appears to be induced both by me-
chanical wounding and by wounds caused by pathogen inva-
sion. Previous studies have shown that phosphorylation of
MAP kinase homologs occurs in plants minutes after wound-
ing and that this activation is accompanied by subsequent ac-
cumulation of the corresponding mRNASs (Seo et a. 1995;

come a better understanding of the regulation and role of
TDY1 in the cells where it is expressed.

MATERIALS AND METHODS

RT-PCR and cloning of a product resembling
aMAPkinase.

Alfalfa (Medicago sativa) leaf poly(A) RNA (1 pg) was
heated to 70°C for 10 min, then chilled on ice. The RNA was
reverse-transcribed in a 25-pl reaction containing 1x RT
buffer (BRL, Grand Island, NY), 25 mM dNTPs, 1 ug of
oligo-dT (15-mer), 40 U of RNAsin (Promega, Madison, WI),
and 200 U of MMLV reverse transcriptase (BRL) for 1 h at
37°C. The reaction was then diluted to 100 pl with water and
heated to 70°C for 15 min. The PCR mixture contained 5 pl of
first-strand cDNA, 1xTaq buffer (Boehringer Mannheim, In-
dianapolis, IN), 2.5 mM MgGJ) 200 mM dNTPs, 25 pmol of
each primer (5GA(A/G)GG(N)GT(N)GC(N)ATGGA-3 and
5'-TC(N)CC(N)GG(N)A(A/G)CAT(N)GT-3), and 2.5 U of
Taq DNA polymerase (Boehringer Mannheim). The PCR cy-
cle was 94°C for 1 min, 42°C for 30 s, and 72°C for 1 min, for
35 cycles. A DNA band of the approximate expected size of
885 bp was purified from an agarose gel with Geneclean
(Biol01, Vista, CA), and cloned into pCR1000 (Invitrogen,
San Diego, CA). Two recombinant plasmids containing inserts
of slightly different size were obtained and end-sequenced
with T7 and T3 primers. One clone shared significant se-
guence identity with eukaryotic MAP kinases.

I solation and sequencing of alfalfa nodule cDNA
and genomic clones.

The cloned PCR product was used to prepa¥®-dabeled
probe with a Decaprime random priming kit (Ambion, Austin,
TX) for screening recombinant phage from a cDNA library
prepared from alfalfa root nodule mRNA (Gregerson et al.
1993). Recombinant phageDNA from hybridizing plagues
was prepared by the method of Grossberger (1987), and di-
gested withNotl and Sall to release the inserts. Approxi-
mately 6 x 10 plaques were screened, and three clones 2.2
kbp in length or longer were recovered that matched the nu-
cleotide sequence of the PCR product. These cDNAs, named
mk1, mk6, and mk8, were cloned into the Bluescript” SK
vector (Stratagene, La Jolla, CA). Basic molecular cloning
techniques were essentially as described by Sambrook et al.
(1989). Probes generated with an intersall restriction
fragment of the mk8 cDNA clone were used to screen ap-

Bogre et al. 1997). Rapid activation of MAP kinase homologs proximately 4.5 x 19 plaques of an alfalfa cv. Saranac
has also been demonstrated in cell cultures after treatmengenomic library (Gregerson et al. 1994) for the corresponding
with fungal elicitors (Suzuki and Shinshi 1995; Ligterink et al. gene. After three rounds of screening, a single recombinant
1997) and salicylic acid (Zhang and Klessig 1997), an en- phage was isolated, G8, having an insert size estimated at ap-
dogenous signal that activates a number of plant defense reproximately 20 kbp. DNA gel blot analysis of restriction en-
sponses. Fungal elicitor treatment also results in rapid in-donuclease-digested G8 DNA suggested that the insert in-
creases in MAP kinase gene transcription (Ligterink et al. cluded the entire gene, as different restriction fragments
1997). Although it is not known if TDY1 is activated by hybridized to probes specific to thé &nd 3 ends of the
wounding or pathogen invasion, the positive GUS staining in cDNAs. Two fragments of the insert were subcloned into
alfalfa leaf cells surrounding wounds and pathogen infection pBluescript KS; a 5-kbpSstl fragment (subclone pS1) com-
sites does suggest thBDY1 gene expression is induced and prising the 5 end of the gene and the upstream adjacent re-
that the protein is involved in a signal cascade in alfalfa plantsgion, and a 5.3-kbfEcoRI fragment (subclone pG81) con-
responding to these stresses. With the reporting of more plantaining the entire coding region andr®ntranslated region up
MAP kinase genomic sequences, and further investigation intoto and beyond the polyadenylation site of the cDNAs. An in-
the possible functions of putative promoter elements may ternal Hindlll-EcoRI fragment of pS1 (pSIRID3, 2 kbp) was

890 / Molecular Plant-Microbe Interactions



cloned for sequencing and promoter-GUS reporter gene fusion
construction. Both strands of the cDNA clone mk8 and one
strand of the genomic clone pSIRID3 were sequenced from
nested deletions (Henikoff 1987) with Sequenase 2.0 (US
Biochemical, Cleveland, OH). Subsequent sequencing of
cDNA and genomic clones was performed by automated fluo-
rescence sequencing (Advanced Genetic Anaysis Center, St.
Paul, MN) with internal oligonucleotide primers. Sequence
analysis was performed with the Genetics Computer Group
software package (Madison, WI).

Genomic DNA isolation and gel blot analysis.

Genomic DNA for gel blot analysis was isolated from al-
fafa cv. Saranac leaves by the protocol described by Shure et
al. (1983). Restriction endonuclease-digested DNA was sepa-
rated by electrophoresis in a 0.8% agarose gel and blotted to
Immobilon-N membrane (Millipore, Bedford, MA) following
depurination, denaturation, and neutralization as described by
Gregerson et al. (1993). Conditions for hybridization to 2P-
labeled probes were as described by Gregerson et a. (1993).

Phylogenetic analysis of MAP kinases.

A phylogenetic tree of MAP kinases was constructed with
the computer program Phylogenetic Analysis Using Parsi-
mony, version 3.1.1 (D. L. Swofford, Illinois Natural History
Survey, Champaign, IL). Amino acid sequences for con-
structing the tree were selected to include representatives of
the five MAP kinase subfamilies described by Ferrell (1996).
Prior to phylogenetic analysis, the sequences were aligned
with the CLUSTAL W 1.7 alignment program (Thompson et
al. 1994) and trimmed to remove unique features at the amino-
and carboxyl-terminal ends. The sequences used for compari-
son were rat ERK3 and JNK2 (Boulton et a. 1991; Kyriakis
et ad. 1994), human ERK1, ERK2, ERK4, and INK fB1
(Owaki et al. 1992; Gonzalez et a. 1992; Gupta et a. 1996),
Xenopus laevis MPK2 (Rouse et al. 1994), petunia PMEK
(Decroocg-Ferrant et a. 1995), tobacco NTF3, NTF4, NTF6,
WIPK, and salicylic acid-responsive kinase (Wilson et al.
1993, 1995; Seo et a. 1995; Zhang and Klessig 1997), Arabi-
dopsis ATMPKs 1-7 (Mizoguchi et a. 1993, 1994), dfafa
MMK1, MMK2, and stress-responsive kinase (Duerr et al.
1993; Jonak et a. 1993, 1995, 1996), pea D5 (Stafstrom et al.
1993), oat MAPK (Huttly and Phillips 1995), Triticum aesti-
vum WCK-1 (GenBank accession no. gi3396052), Dictyoste-
lium discoideum ERK1 (Gaskins et a. 1994), Saccharomyces
cerevisiae FUS3, KSS1, HOG1, Mpkl, and Smk1l (Cour-
chesne et a. 1989; Elion et a. 1990; Torres et al. 1991; Brew-
ster et a. 1993; Krisak et a. 1994), Schizosaccharomyces
pombe Spk1 (Toda et al. 1991), Nectria haematococca MAPK
(Li et a. 1997), Magnaporthe grisea PMK1(Xu and Hamer
1996), and Pneumocystis carnii MAPK (GenBank accession
no. gi2852373).

RNA isolation and gel blot analysis.

Total RNA from plant organs was isolated by the method
described by Strommer et a. (1993). Poly(A)" RNA was sepa-
rated from total RNA with Dynabeads (Dynal, Oslo, Norway)

a ¥P-labeled probe was performed in 50% deionized forma-
mide at 43°C as recommended by the manufacturer. Radioac-
tive counts in hybridizing bands were quantified with an
AMBIS radioanalytic scanner (AMBIS Inc., San Diego, CA).
Equivalence of poly(A) RNA loading between lanes was
tested by subsequently hybridizing the stripped membrane
with ¥2P end-labeled poly(U) oligomers, and determining the
counts per lane.

Construction of TDY1 promoter-GUSreporter gene
fusions, transformation, and plant culture.

A transcriptional fusion of the putativ€DY1 promoter
designated pB120, shown in Figure 6, was constructed by
ligating a HindllI-Bglll restriction fragment, approximately
1.8 kbp in length, from the pSIRID3 genomic clone into the
pBI101.2 vector (Clonetech, Palo Alto, CA) restricted with
Hindlll and BamHI. This fusion included bases up to position
182 of the longest cDNA clone, and omitted the remaining
203 bases preceding the putative translation start codon. To
construct a translational fusion, pB125, of the same promoter
region, a portion of the’ ;iontranslated region of the genomic
clone pS1 was amplified through PCR (primerAGGATC
CTTCTTGAGTTGATC-3' and BGTACTTTGCTTCTTCT
C-3), in a 100-ul reaction with 1 ng of template DNA, 25
pmol of each primer, 1XTaq buffer (Promega), 2.5 mM
MgCl,, 70 nM concentrations of each dNTP, and 1 Uagf
DNA polymerase (Promega), and cycling conditions of 94°C
for 1 min, 45°C for 2 min, and 72°C for 3 min, for 28 cycles.
The amplified fragment was digested wihoR| and BamHI
and inserted into the Bluescript KSector (Stratagene). To
this insert, the pSIRID81indllI-EcoRI fragment was ligated,
and the resultingHindlll-BamHI promoter cassette cloned
into Hindlll-BamHI cut pBI101.2. The PCR amplification
added &BamHI site within the putative coding region, and re-
sulted in the addition of seven amino acids of the predicted
TDY1 protein, and eight amino acids encoded by the vector,
to the amino-terminal end of the GUS protein. The integrity of
the genomic amplification product and its orientation in the
expression vector were confirmed by sequencing. The con-
structs were electroporated infgrobacterium tumefaciens
LBA4404 (Ooms et al. 1982).

TransgenidVedicago sativa cv. Regen SY plants were gen-
erated essentially as described by Austin et al. (1995). Rooted
plantlets were transplanted first to a vermiculite:sand mixture
(2:1, vol/vol) and subsequently to sand in pots in a glasshouse,
and inoculated with th&norhizobium meliloti strain 102F51.
Presence of the transgene was determined by staining plant
organs with X-gluc (Jefferson 1987) with 10% methanol
added to the buffer solution. Green tissues were cleared with
70% ethanol after staining. Plants testing positive for the GUS
reporter gene were propagated clonally through cuttings.
Glasshouse materials were maintained in sand supplemented
with K, P, and lime, and grown under Na-vapor lamps to pro-
vide a 16-h day length. GUS activity was determined essen-
tially as described by Jefferson (1987) with MUG as a sub-
strate. Enzyme activity was measured with a TKO-100
Fluorometer (Hoeffer Scientific, San Francisco, CA). Protein

as per the manufacturer’s instructions. For RNA blot analysis, concentration was determined by the BioRad Protein Assay
RNA was separated by size electrophoretically in a 1.5% for- (BioRad Laboratories, Hercules, CA).

maldehyde-agarose gel and transferred by blotting to Zeta For wounding and pathogen inoculation, leaves of alfalfa

Probe membrane (BioRad, Hercules, CA). Hybridization with plants were excised and placed in moist chambers. Leaflets
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were wounded by crushing across the midvein with a pair of protein kinase overcomes pheromone-induced arrest of cell cycling in

hemostats. Leaves were inoculated by spraying a suspension S cerevisgiae. Cell 58:1107-1119. _
Y spraying P Decroocg-Ferrant, V., Decroocq, S., Van Went, J., Schmidt, E., and

of Phoma medlcagmlsconldIOSporesat 10° per ml. Kreis, E. 1995. A homologue of the MAP/ERK family of protein
For transformation of M. truncatula, leaf pieces from 1- kinase genes is expressed in vegetative and in female reproductive or-
month-old aseptically grown plants were inoculated with A. gans ofPetunia hybrida. Plant Mol. Biol. 27:339-350.
tumefaciens LBA4404 carrying the pB125 construct. The Devitt, M. L., and Stafstrom, J. P. 1995. Cell cycle regulation during
transformation protocol was similar to that described by grS%w;ré-gormancy cycles in pea axillary buds. Plant Mol. Biol. 29:
Chabaud et al. (1996) with th_e fO“OW'nQ modifications. Plgnts Duerr, B., Gawienowski, M., Ropp, T., and Jacobs, T. 1993. MSERK1: A
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